Epidural anaesthesia has been used since the early 1900s. Consequently the general characteristics of these procedures have been well defined. More studies have provided a better understanding of the cardiopulmonary changes produced by epidural anaesthesia.
Thirty-three years ago, Philip Bromage wrote a review on the Physiology and Pharmacology of Epidural Analgesia in an attempt to define the mechanism of this particular form of conduction blockade 1 . Since then numerous studies have provided increasing insight into the mechanisms of physiologic effects on the patient. Epidural anaesthesia is a complex process that takes place at many different sites. It is unique because of special features of the anatomic site of injection and the resultant diverse sites of action of the local anaesthetic solution. Knowledge of these areas is essential in order to derive the greatest efficacy and safety of the technique. This article reviews the cardiovascular and pulmonary responses to epidural anaesthesia. Details of clinical management are not included in this review.
CARDIOVASCULAR EFFECTS OF EPIDURAL ANAESTHESIA
The cardiovascular responses to epidural anaesthesia are almost entirely due to the fact that the local anaesthetic injected into the epidural space not only blocks somatic, sensory and motor fibres, but also produces preganglionic sympathetic denervation (Table1). Skin temperature discrimination is most commonly used as a clinical correlate of the level of sympathetic denervation during epidural anaesthesia. However this is an indirect method to monitor sympathetic effector organ function. Sympathetic nerve activity is highly differentiated with distinctly different discharge patterns in sympathetic fibres innervating the muscle vascular bed and cutaneous vessels and sweat glands respectively. Direct intraneural recording of skin sympathetic activity and muscle sympathetic activity can be performed by microneurography. Somatic levels are determined by pinprick, which tests the extent of block of the painconducting fibres segmentally innervating areas of the skin. The absence of pain to pinprick is a sign of analgesia. It should be emphasized that levels of sympathetic block assessed by temperature discrimination are not synonymous with somatic levels as assessed by pinprick. This is because epidural anaesthesia is associated with zones of differential blockade. This refers to the ability of local anaesthetic solutions to block impulse conduction in certain nerve fibres while not affecting conduction in others 2 .
Postganglionic sympathetic nerves play an important role in controlling cardiac function and vascular tone. The most important of the cardiovascular effects are related to blockade of vasoconstrictor fibres (below T4) with resulting dilatation of resistance and capacitance vessels and/or cardiac sympathetic fibres with loss of chronotropic and inotropic drive to the myocardium (T1-5) ( Figure 1 ).
High Thoracic Segmental Epidural Anaesthesia (T1-T5)
The cardiac sympathetic outflow emerges from C5 to T5 levels, with the main supply to the ventricles from T1 to T4 3 . A significant part of the chronotropic and inotropic control of the heart is mediated through the upper four thoracic spinal segments. Denervation of preganglionic cardiac accelerator fibres leaving the cord at T1-T5 results in minimal vasodilatory consequences. Changes however in heart rate, left ventricular function and myocardial oxygen demand may occur due to high thoracic epidural blockade and are discussed below.
a. Heart Rate
The major determinant of heart rate is the balance between sympathetic and parasympathetic systems with the latter predominating. A high thoracic epidural anaesthesia (TEA) covering the cardiac segments (T1-T4) produces small but significant reductions in heart rate [4] [5] [6] [7] [8] . During cardiac sympathetic denervation, parasympathetic cardiovascular responses, including those involved in baroreflexes, may dominate.
Studies have demonstrated that acute cardiac sympathectomy induced by cervicothoracic epidural anaesthesia in healthy awake volunteers 9,10 and elderly patients 11 suppresses cardiac slowing in response to blood pressure increase. It was suggested that the sympathetic control of heart rate modified the dominating parasympathetic tone, rather than functioning as an active cardiac accelerator. In this study there was no compensation for changes in preload; therefore cardiopulmonary baroreceptors affected by changes in central volume secondary to peripheral vasodilatation or vasoconstriction might have altered arterial baroreceptor heart rate reflex as well. To minimize that influence, Goertz et al gave plasma volume expanders to equalize left ventricular preload conditions as assessed by transesophageal echocardiography 12 . High TEA added to general anaesthesia significantly decreased the cardiac acceleration in response to decreasing blood pressure, suggesting that baroreflex-mediated heart rate response to a decrease in arterial blood pressure depends on the integrity of the sympathetic nervous system. However general anaesthesia, in addition to high levels of epidural anaesthesia, may have modified the balance between sympathetic and parasympathetic tone as well.
By applying power spectral analysis, i.e., frequency analysis of electrocardiographic R-R interval, the individual components of the autonomic nervous system can be discerned and can be used as a sensitive indicator of sympathovagal interaction. However, interpretations should be made with caution since they do not reflect absolute neural tone 13, 14 . Discrepancies exist among epidural studies using this non-invasive method of measuring sympathetic-parasympathetic autonomic balance. Fleisher et al 15 demonstrated that lumbar epidural anaesthesia (LEA) with involvement of cardiac segments was associated with an increased ratio of low to high frequency (LF/HF) components of heart rate variability, suggesting a shift in cardiac sympathovagal balance toward sympathetic predominance (sympathetic nervous activity is reflected by low frequency in the spectra) 16 . In contrast, lowfrequency spectral power of heart rate did not change significantly in patients having cardiac sympathetic blockade by segmental thoracic epidural anaesthesia 17 . The reason for the conflicting results might be that, in the latter study, some sympathetic innervation to the heart remained intact to varying degrees, rather than being completely abolished. Whether the sympathetic nervous system functions as a direct cardioaccelerator or indirectly by modifying the parasympathetic tone needs to be clarified.
It appears as if high thoracic neural blockade leaves some cardiac sympathetic activity intact, since sympathetic responses to hypercapnia are not totally suppressed by high TEA (T1-T5) 18 . A lack of blockade of the efferent sympathetic nerves to the adrenal medulla may contribute as well.
b. Left Ventricular Function
The effect of TEA on left ventricular contractility has been the subject of several animal and clinical studies, but it still remains controversial.
Reiz observed an approximate 15% reduction of stroke volume in patients with TEA from C5 to T5 in whom blood pressure, ventricular filling pressure and heart rate were kept constant 19 . This was supported by Goertz et al 7 who assessed the left ventricular contractility by using transoesophageal echocardiography in patients under high TEA extending over all cardiac segments. All haemodynamic measurements were performed under general anaesthesia. These data are consistent with findings in dogs where thoracic epidural anaesthesia produced depression of both cardiac conduction and inotropy 20 .
In healthy volunteers, circulatory effects during high TEA with bupivacaine both at rest and during exercise were compared to those after intramuscular (IM) administration of bupivacaine 5 . Stroke volume and cardiac output decreased during TEA with bupivacaine, both at rest and during exercise, as well as following IM injection of bupivacaine. These results indicate that the circulatory changes are not caused entirely by the cardiac sympathetic block, but are partly due to the systemic effects of bupivacaine.
On the other hand, high segmental TEA (T1-T4) did not produce a reduction in left ventricular function, as measured by the suprasternal Doppler method 6 or by echocardiography 21 in patients scheduled for elective non-cardiac surgery. Both studies documented a small but statistically significant decrease in heart rate, a minor decrease in mean arterial pressure, and essentially no change in cardiac index. A study in healthy volunteers receiving thoracic epidural blockade from C7-T6 produced only a minor decrease in systolic blood pressure and no significant change in cardiac output 22 .
Kock et al 23 showed that left ventricular global and regional function was better preserved with than without cervicothoracic TEA in patients with coronary artery disease performing exercise stress tests. It appears that TEA improves ventricular function during exercise stress by improving perfusion.
Concomitant use of β-blockers may further decrease myocardial contractility in this setting 20, 24 .
The variability of the results from the above mentioned studies might be due to different types of anaesthetics used, whether or not adrenaline was added, the differing number of segments blocked and species differences.
c. Myocardial Function
During experimentally induced myocardial ischaemia in anaesthetized dogs, it has been shown that TEA with a selective blockade of cardiac sympathetic segments favourably alters the myocardial oxygen supply/demand ratio 25, 26 . Sympathetic block by TEA improved blood flow to subendocardial ischaemic zones in both the normal and infarcted dog heart, indicating that the coronary blood flow was favourably redistributed. This redistribution beneficially affects collateral blood flow during myocardial ischaemia. Several factors may help explain the altered distribution of myocardial blood flow. The most likely is the decline in the important determinants of myocardial oxygen demand, e.g., inotropy, heart rate and impedance to left ventricular ejection, all of which are decreased. This is likely to be due to the sympathetic blockade due to the TEA. Using a similar model, Davis et al confirmed this observation 25 . The authors discovered that not only did thoracic sympathetic blockade enhance regional myocardial blood flow, but it also reduced the anatomic extent of the experimentally induced infarction. The most likely mechanism for this reduction in tissue injury was the marked reduction of heart rate and ionotropy, because little effect on coronary perfusion pressure was observed in dogs with high TEA compared to control animals. After brief episodes of ischaemia and reperfusion (stunning), recovery was significantly faster in dogs when the ischaemic insult leading to stunning was induced during TEA under equivalent haemodynamic conditions, compared with recovery without the influence of TEA 27 .
In addition, the incidence of ischaemia-induced malignant arrhythmias in anaesthetized rats was reduced by high TEA 28 . Thus, high TEA exerts a cardioprotective effect during experimental myocardial ischaemia by improving the myocardial oxygen supply/ demand ratio.
The influence of high TEA with a plain solution of bupivacaine on central haemodynamics has been studied in patients with severe coronary artery disease and unstable angina pectoris 29, 30 . During basal conditions, i.e., during rest without ischaemic pain, high TEA did not change central haemodynamic variables. However, TEA achieved during ischaemic chest pain was associated with significantly reduced indices of myocardial oxygen demand, such as systolic arterial blood pressure, heart rate and pulmonary capillary wedge pressure, accompanied in some patients by less pronounced ST segment depression. The main variable regulating myocardial oxygen availability, coronary perfusion pressure, remained unchanged, as well as stroke volume, cardiac output and systemic vascular resistance. Significant arterial hypotension did not occur, possibly due to limited spread of the small volumes of bupivacaine injected. In contrast, a more extended TEA (from T1-T12) caused pronounced arterial hypotension to the detriment of coronary perfusion in similar patients 31 . High TEA, in association with physical stress, also reduced ischaemic chest pain and decreased heart rate in patients with unstable angina pectoris, in spite of maximal beta-adrenergic blockade, to a greater degree than in similar patients at rest 29 . Thus depending on the prevailing cardiac sympathetic tone, high TEA may cause a greater or lesser number of changes in central haemodynamics in patients with coronary artery disease who are being treated with betaadrenergic blockers. Furthermore, it has been reported that high TEA improves ischaemia-induced left ventricular global and regional wall motion abnormalities, while diminishing associated changes in ST segments in patients with coronary artery disease during physical stress 23 . This probably relates to the decrease in left ventricular afterload per se, improving regional wall motion.
Regional cardiac sympathetic blockade with high TEA has been shown to increase the diameter of the lumina of stenosed segments of epicardial coronary arteries in patients with severe coronary artery disease treated with beta blockers, while not affecting the diameter of non-stenotic epicardial coronary artery segments 24 . These results indicate that there is a resting cardiac sympathetic alpha-constrictor tone in the stenotic areas.
A cardioselective epidural block from C5 to T5 caused no changes in coronary perfusion pressure, myocardial blood flow, or coronary venous oxygen content, indicating a lack of effect on coronary resistance vessels. High TEA probably had no influence on the autoregulation of coronary resistance vessels; it should therefore not aversely affect regional blood flow distribution in those patients with coronary artery disease with a pattern providing a basis for coronary steal (i.e., maldistribution of coronary blood flow) 32, 33 .
Blockade of cardiac innervation using TEA has been used for the treatment of opioid-resistant chest pain 34 and in severe unstable angina 29, 35 . Patients with severe coronary artery disease treated themselves successfully at home with intermittent injections of local anaesthetics over a long period of time 35 . Further investigations and prospective randomized studies are necessary to confirm the efficacy and safety of this approach.
In summary, high TEA in humans improves ischaemia-induced left ventricular dysfunction, reduces electrocardiographic, echocardiographic and angiographic signs of coronary insufficiency, decreases the incidence of arrhythmias and provides relief of ischaemic chest pain. TEA may benefit patients undergoing cardiac surgery by effectively blocking cardiac sympathetic nerve activity and improving the myocardial oxygen supply-demand balance 36 .
It might be expected that high TEA has favourable myocardial outcome effects in patients with coronary heart disease when its intraoperative use is extended to the postoperative period 37 . Clearly, more data are needed from studies with large numbers of welldefined patients groups undergoing similar types of surgery.
Thoracic Epidural Anaesthesia (T1-T12) (mid to high thoracic)
An extensive epidural block from T1 to T12 or even involving the upper lumbar segments interferes with nearly all sympathetic outflow and produces substantial hypotension, partly by its cardiodepressant action and partly due to reduction in systemic vascular resistance. Sympathetic nerve blockade to the heart with partially suppressed baroreceptor reactivity, splanchnic nerve blockade (T6-L1) with resultant blockade of adrenal medullary secretion of catecholamines, as well as loss of vasomotor tone of capacitance vessels of the lower limbs are involved. Extensive sympathetic block results in extensive venodilatation and sequestration of large volumes of blood in the affected dilated splanchnic vascular beds. Blood flow may redistribute at the expense of cardiac filling, as indicated by an accompanying decrease in central venous pressure 38 . This effect is partly counteracted by vasoconstriction in the diminished remaining innervated body regions 39 .
A T1-T12 epidural block in well-sedated patients with coronary artery disease receiving β-adrenergic blockers did not induce clinically significant cardiovascular effects 40 . In patients under β-adrenergic blockade, a high degree of β 1 -receptor block is already present; therefore the addition of a TEA will induce only minor cardiac effects. However, significant cardiac depression was found when a T1-T12/L2 block was induced in a similar patient population not receiving β-adrenergic blockers 41, 42 . A reduction in arterial blood pressure was observed as a result of a decrease in systemic vascular resistance, as well as a decrease in cardiac output. This could only be counteracted by administration of a cardioselective β 1 -adrenoceptor agonist exerting positive inotropic effects.
In contrast, in healthy unmedicated volunteers, extensive epidural block (C5-S5) with lignocaine has been associated with a slight increase in cardiac output 43 . It was speculated that this might have been the result of a stimulating effect of absorbed lignocaine on the cardiovascular system, due either to central stimulation or to potentiation of endogenous catecholamines. The effect of the local anaesthetic blood levels after epidural anaesthesia is discussed later in the section on the effect of local anaesthetics on the systemic circulation. During high thoracolumbar epidural anaesthesia, the baroreflex (pressor) responses to intense stress induced by hypoxaemia and hypercapnia are diminished even during elimination of tonic activity 42, 44, 45 . Whether this results from impairment of compensatory reflexes or loss of splanchnic control of mesenteric capacitance remains to be clarified 46 .
Mid Thoracic-Lumbar Epidural Anaesthesia (T5-S5)
Epidural block that is restricted to the level of the mid thoracic and lumbar region (T5-L4) results in a "peripheral sympathetic" blockade together with a block of the splanchnic fibres. This sympathetic block produces vasodilatation in blocked areas, with compensatory vasoconstriction of capacitance vessels in remaining unblocked areas 39 . The degree of compensatory vasoconstriction is directly proportional to the upper level of analgesia and is mediated predominantly (by means of baroreceptors) by those sympathetic vasoconstrictor nerves (T1-T5) that remain unblocked. In addition, circulating catecholamines released from the adrenal medullary system due to increased activity in any unblocked fibres in the splanchnic nerves contribute to the increased sympathetic activity below and above level of the block.
Head-up tilt, a situation characterized by central hypovolaemia and dilatation of capacitance vessels, results in decreased blood pressure and heart rate in elderly patients during T4-T10 bupivacaine epidural anaesthesia 47 . The decrease in heart rate, despite a decrease in arterial pressure, may suggest that either baroreceptor reflexes were impaired or that a low pressure receptor reflex was activated by a decrease in venous return occurring as a result of the head-up tilt. Complete blockade of the cardiac accelerator fibres, the efferent limb of the baroreceptor reflex, seems unlikely during T4-T10 epidural anaesthesia. The observed reduced plasma noradrenaline concentration reflected the decreased sympathetic nervous activity with inhibited release of catecholamines from the sympathetic nerve fibres. Plasma renin and vasopressin levels were increased, probably playing roles in the regulation of arterial pressure in such circumstances 47 .
Selective denervation of the splanchnic fibres leads to vasodilatation of the visceral venous bed, resulting in pooling of blood in the gut and abdominal viscera. The splanchnic veins produce the majority of the total systemic reflex capacitance changes and account for almost all of the reflex venoconstriction that buffers the systemic circulatory volume changes 48 . Distribution of blood to the splanchnic area was studied by Arndt et al in healthy volunteers after lumbar injection of 20 ml of plain 2% lignocaine 39 . Regional blood volume, as assessed by distribution of radioactively labelled red cells, increased in the denervated legs, while non-selectivity decreased in all other regions (i.e., in the thorax and the innervated arms) during epidural anaesthesia with a sensory level of T4-S5. Overall decreases in regional blood volumes corresponded to a 500 to 600 ml sequestration of blood in the legs. The blood volume in the splanchnic circulation was decreased despite sympathetic block. The blood volume shift to the legs could be reversed with dihydroergotamine, a α 1 -agonist which preferentially constricts capacitance vessels of skeletal muscle and skin and thus reverses the pooling effect. Etilephrine, a mixed αand β-agonist, selectively constricts the splanchnic vasculature and thus reverses the splanchnic pooling effects of epidural anaesthesia 49 .
Hogan et al [50] [51] [52] investigated the splanchnic circulation in an animal model during thoracolumbar epidural anaesthesia. Splanchnic venous capacitance was increased by decreased sympathetic nerve activity, accompanied by an almost total elimination of sympathetic activity to the mesenteric vessels. This contributed to hypotension in this rabbit model. These findings are not, however, applicable to man, since humans have a proportionally greater lower extremity mass.
The role of the splanchnic blood vessels in hypotension after epidural blockade has not been clearly defined. Why the blood volume of abdominal viscera decreases rather than increases in response to non-selective sympathetic blockade is presently unanswered 53 .
Low Thoracic-Lumbar Epidural Anaesthesia (T10-S5)
Lumbar epidural anaesthesia (LEA) with a sympathetic blockade below T10 induces a moderate reduction of arterial blood pressure because fewer vasoconstrictor fibres are included and neither the splanchnic nerves nor the nerve supply to the adrenal medulla are affected. The preganglionic sympathetic denervation causes dilatation of both resistance and capacitance vessels of the lower limbs, reducing total peripheral resistance 54 . This increase in peripheral blood flow noticed clinically, as veins dilate and skin temperature increases, is largely due to increases in skin blood flow 55 , since muscle veins have little or no sympathetic innervation 56 . The decrease in blood flow to muscle and skin in the upper extremities by a reflex increase in sympathetic tone results in a falsely low reading of pulse oximetry when the oximetric sensor is placed on the upper limb 57 . LEA with a sympathetic blockade extending to the lower segments may occasionally be associated with profound bradycardia and circulatory collapse without any obvious precipitating event. This issue is discussed in the section on central volume depletion.
In patients with mild angina and preserved left ventricular function, the reduction in afterload associated with lumbar epidural anaesthesia has been reported to improve left ventricular global and regional function, as demonstrated by radionuclide angiography 58 . These improvements disappeared, however, when volume loading was instituted to restore blood pressure. In contrast, the segmental wall function assessed by two-dimensional echocardiography deteriorated in patients with hypertension and unstable angina during lumbar epidural anaesthesia 59 . These data illustrate that a moderate reduction in blood pressure might lower the myocardial oxygen demand in patients with ischaemic heart disease. This advantage might be offset by a reduction in coronary perfusion pressure, illustrating a fine balance in myocardial oxygen demand and supply.
Sympathetic Blockade
The physiological consequences of epidural anaesthesia are almost completely due to sympathetic block affecting major organ systems. The sympathetic trunk receives its preganglionic fibres from T1 to L2-3. The concept that epidural anaesthesia results in a complete block of sympathetic nerve activity to at least the same extent as sensory block has been questioned. Some studies indicate that the level of sympathetic block associated with epidural anaesthesia may be lower than the level of sensory block and more incomplete in terms of quality of block [60] [61] [62] . In contrast, several studies concluded that the level of sympathetic block exceeds the level of sensory block by at least two segments 63, 64 . Differences in methods to evaluate the effect of epidural anaesthesia on sympathetic outflow to the thoracic and abdominal organs, as well as to the limbs, may contribute to these controversies. Since it has not been established whether the efferent pre-ganglionic sympathetic nerves are distributed segmentally, the methods used until now do not indicate a clearly discernible boundary between the blocked and unblocked segments; thus, the sympathetic block may appear patchy. Abolition of sweating and of the sympathogalvanic response are the standard tests of complete interruption of the sympathetic nerve pathways 65 . Skin temperature discrimination is most commonly used as a clinical correlate of the level of sympathetic denervation during epidural anaesthesia. Assuming that temperature increase of the foot, as measured by infrared telethermometry, reflects diminished sympathetic outflow, upper thoracic segmental epidural anaesthesia can result in a widespread diminution of sympathetic outflow that extends beyond sensory blockade and includes the caudal part of the sympathetic system 63 . Whether these observations could be the result of reduced sympathetic activity, mediated via increased parasympathetic tone produced by the epidural block, remains to be clarified 66 . Despite high levels of epidural blockade (above T5), weak galvanic skin responses to arousal could still be elicited in the foot, indicating incomplete sympathetic blockade 61 . Even with spinal subarachnoid local anaesthetic block to T5, sympathetic block in the foot remains incomplete 67, 68 . In contrast, in one study, direct recording of sympathetic impulses in postganglionic fibres to skin and muscle of the leg by microneurography has shown complete block of sympathetic nerve activity during sensory anaesthesia at T10 or above following lumbar epidural block. This argues against a partial sympathetic block following epidural anaesthesia 69 . Using the same device, epidural anaesthesia with a sensory block up to T10 produced only a partial sympathetic blockade 70 . Epidural anaesthesia below T10 may affect afferent nerves with little effect on efferent sympathetic nerves. Sympathetic block precedes sensory block in sacral dermatomes even after an epidural test dose of 3 ml 71 . Most of these studies suggest that sympathetic efferent blockade is incomplete. Epidural anaesthesia is considered to act mainly through a paravertebral blockade and a spinal root blockade. Therefore, insufficient local anaesthetic solution will reach the peripheral areas of the spinal cord to block intraspinal pathways mediating the central sympatho-excitatory drive, which is necessary for peripheral sympathetic fibres to be active 72 . If so, a reduced central sympatho-excitatory drive could theoretically explain the relative increase in foot skin temperature after TEA in the study by Hopf et al 63 .
Another possible approach to investigate the intensity of sympathetic block is to measure catecholamine response to immersion of a limb in cold water (cold pressor test). Regardless of the local anaesthetic used, epidural anaesthesia with a sensory level to T1 did not produce complete sympathectomy, because plasma concentrations of catecholamines were nearly unchanged 73 . Blockade of preganglionic sympathetic fibres innervating the adrenal medulla and innervating peripheral sympathetic fibres appeared to be incomplete, even during quite extensive epidural anaesthesia to C8 74 .
Epidural anaesthesia is probably associated with a reduction in sympathetic neural transmission rather than a complete blockade of sympathetic fibres.
Effects of Local Anaesthetics on Local Blood Flow
Relatively large amounts of local anaesthetic solution are required to achieve satisfactory epidural anaesthesia. Local anaesthetics exhibit a direct biphasic action on vascular smooth muscle, depending upon the local anaesthetic agent, its concentration and stereochemical configuration, the type of blood vessel (capacitance or resistance) and pre-existing vascular tone 75 . At low concentrations, local anaesthetics cause vasoconstriction. At concentrations used for epidural anaesthesia they tend to vasodilate 43 . Like other local anaesthetics, ropivacaine has a biphasic effect on blood flow, but appears to be a vasoconstrictor over a wide range of concentrations 76 .
Epidural administration of a local anaesthetic may alter the local perfusion within the subarachnoid and epidural space, thus influencing its own systemic absorption through the effect of sympathetic blockade, by a direct effect on local blood vessels, or by an impact on the autoregulatory mechanism 77, 78 . Adrenaline is commonly added to local anaesthetic solutions to reduce the blood flow at the site of injection, leading to decreased systemic vascular absorption and increased neuronal uptake of local anaesthetic 79 . The influence of local anaesthetics administered epidurally on the regional spinal cord blood flow would appear to be minimal [80] [81] [82] . Blood flow through other local tissue structures may be more affected, depending upon the drug administered and the dose.
Effects of Local Anaesthetics on Systemic Circulation
Generally the systemic effects produced by concentrations of local anaesthetics in blood that are associated with correctly performed epidural block have little, if any, clinical significance.
In general, cardiovascular changes observed during epidural anaesthesia are a reflection of the degree of sympathetic blockade. These changes are described in detail in the sections on thoracic and lumbar epidural anaesthesia. However, at very high local anaesthetic concentrations, cardiovascular toxicity may occur. Peak plasma levels of local anaesthetics after epidural administration are generally reached in 10 to 30 minutes and generally amount to approximately 1 µg/ml for each 100 mg of lignocaine and mepivacaine, slightly less for prilocaine and about half as much for bupivacaine, etidocaine 79 and ropivacaine.
Vascular systemic absorption of adrenaline added to epidurally administered local anaesthetic results in β-stimulation 83 . Beta 1 -adrenergic stimulation in the myocardium is associated with increased contractility and heart rate, increasing cardiac output 83, 84 . Adrenaline also induces β 2 -receptor vasodilatation, thus reducing peripheral resistance. This may, in turn, augment the vasodilatation induced by the sympathetic denervation associated with epidural anaesthesia, so that the total effect of the epidural block is likely to be a larger decrease in mean arterial pressure than if plain local anaesthetic had been used 60 . The early cardiovascular changes observed with absorbed adrenaline are, however, transient 85 . Therefore the prolonged cardiovascular changes seen with local anaesthetics containing adrenaline probably relate to sympathetic blockade.
Effect of Surgical Procedures/Posture/Vascular Compression Situations in which venous return may be compromised may lead to serious cardiovascular symptoms in patients given epidural block. Supine hypotensive syndrome in pregnancy resulting from uterine compression of the vena cava is accentuated by increased venous capacitance owing to sympathetic block of epidural analgesia and postural changes favouring pooling of blood in the lower limbs 85 . Obstruction to venous return, by whatever means, must be avoided in patients given epidural block. The most common causes of vena caval obstruction in surgical applications of epidural block are poor positioning, heavy-handed retraction and incorrect use of abdominal packs. Extreme positions such as the jackknife prone and hyperflexed lithotomy should be avoided with epidural blockade.

Vasoactive Hormones
Current evidence suggests that the argininevasopressin (AVP) system and the renin-angiotensin system (RAS) play an important role in maintaining arterial blood pressure under conditions in which the sympathetic system is impaired 86, 87 . Angiotensin, the most effective constrictor of resistance vessels, plays a dominant role in stabilization of arterial blood pressure, whereas vasopressin apparently comes in to play as the last line of defence, when the filling of the heart is reduced to the extent that cardiac output can no longer be maintained 87 . Experimentally, the role that RAS and AVP play in maintaining blood pressure can be studied by administering specific antagonists of these vasopressor systems and measuring the resultant effect on blood pressure.
Studies in awake sedated dogs demonstrated that high TEA is associated with haemodynamically effective increases in vasopressin concentrations 88 . In contrast, profound hypotension occurred during high TEA when AVPA, a specific vasopressin V1-receptor antagonist, was administered, preventing the action of vasopressin 89 .
Renin plasma concentrations did not change significantly despite the marked hypotension observed after combined sympathetic and vasopressin blockade. So loss of neurogenic vasomotor control during high epidural anaesthesia in dogs can be most likely compensated for by an intact vasopressin system. In addition, vasopressin plasma concentrations not only increase considerably during epidural anaesthesia alone, but even more when epidural is combined with additional challenges such as severe hypoxaemia 44 . The increase in vasopressin concentration is most likely to compensate for decreased cardiac filling and/or arterial blood pressure when sympatho-adrenal responses are impaired.
In contrast to the findings of Peters 88 , Carp et al found that both renin and vasopressin support blood pressure and prevent severe hypotension following epidural anaesthesia 89 . They studied healthy volunteers and administered lignocaine through a lumbar epidural catheter to obtain a sensory block to T2. Blood pressure did not change after T2 epidural anaesthesia in subjects treated with the vasopressin antagonist AVPA; however, plasma concentrations of renin increased.
Conversely, when the angiotensin converting enzyme inhibitor enalapril was administered, epidural anaesthesia was not associated with hypotension, but concentration of vasopressin increased. In contrast, combined treatment with both inhibitors resulted in a marked decrease in blood pressure of more than 30% after epidural anaesthesia. Thus, in healthy humans, AVP and RAS both play an important role in maintaining blood pressure after epidural blockade. Differences between the study of Peters in dogs 88 and the study of Carp 89 in humans may be attributable to species differences in the hierarchy of blood pressure regulation.
Hopf et al examined the relative importance of these systems in surgical patients exposed to a hypotensive challenge 90, 91 . Non-premedicated patients without cardiovascular disease, scheduled for elective upper abdominal surgery, received an intravenous infusion of sodium nitroprusside (SNP) to reduce mean arterial pressure 25%. Thereafter, epidural anaesthesia was induced with bupivacaine to obtain a sensory block from T1 to T11. After TEA was fully established the SNP dose was adjusted to achieve the same mean arterial pressure as when the sympathetic system had been intact. Active renin and vasopressin concentrations were measured in response to SNP-induced arterial hypotension both before and during sympathetic blockade by epidural anaesthesia. SNP-induced hypotension was associated with increased plasma renin concentrations with the sympathetic system intact, but not during sympathetic blockade by TEA. Vasopressin plasma concentrations increased during SNP-induced hypotension in the presence of widespread epidural sympathetic blockade, but not with the sympathetic system Heart rate increased albeit to a much smaller extent, whereas blood pressure decreased significantly. Sympathetic blockade by thoracic epidural anaesthesia is usually (and here) associated with a decrease of both heart rate and blood pressure.
intact (Figure 2a ). With sympathetic innervation intact, SNP infusion increased heart rate and decreased mean arterial pressure. During sympathetic blockade by epidural anaesthesia, the responses to the second hypotensive challenge were significantly different from the first: heart rate increased by less than the half of the increase following the first challenge (Figure 2b) .
On balance, it appears that both angiotensin and vasopressin play a role in maintaining blood pressure in patients with high epidural block.
Central Volume Depletion
Epidural anaesthesia, with and without involvement of cardiac segments, may be associated with profound bradycardia and in some patients with transient cardiac arrest. Apparently, responses by vagal reflex predominate. The blockade of sympathetic cardiac accelerator fibres to the heart and the failure to block the vagus nerve may cause vasovagal episodes ( Table 2 ). The normal reflex tachycardia through stimulation of baroreceptors in response to a decreased arterial pressure is often absent during LEA with a sympathetic blockade extending to the lower thoracic segments. Factors thought to contribute to the development of bradycardia include decreased cardiac sympathetic tone, decreased venous tone, reflex decrease in heart rate resulting from decreased degree of pacemaker stretch, and reflex decrease in heart rate mediated via ventricular mechanoreceptors.
Baron et al studied the role of venous return on baroreflex control of heart rate during LEA without cardiac sympathetic blockade in unpremedicated patients 92 . Baroreflex sensitivity increased during activation of the reflex by phenylephrine, indicating an enhancement of vagal tone. This modulation of baroreceptor control of heart rate is probably mainly due to a decrease in venous return unloading cardiopulmonary receptors and as a consequence of declining tonic inhibition of baroreceptor reflex and withdrawal of peripheral sympathetic tone. The modulation of baroreceptor control of heart rate was abolished by mechanical volume increase of the central blood compartment. Thus, bradycardia is probably caused by an enhancement of cardiac vagal activity secondary to decreased venous return. Jacobsen et al described echocardiographic and circulatory findings, along with changes in vagallymediated plasma hormonal parameters, in volunteers subjected to LEA from T8-10 to L3-L4 93 . Hypotension was accompanied by a 30% decrease in heart rate, a decrease in end-diastolic left ventricular crosssectional diameter, indicating decreased preload and a marked increase in plasma pancreatic polypeptide, an index of vagal activation. This increase in pancreatic polypeptide indicated that organs other than the heart are also exposed to increased vagal activity 94, 95 . The results of this study indicate that during LEA, presyncopal symptoms are preceded by a reduction of central volume and of left ventricular diameters by approximately 13%. The aetiology of profound bradycardia or asystole during epidural anaesthesia remains speculative. The observations support an activation of the Bezold-Jarisch reflex, a cardio-inhibitory vasodepressor reflex elicited during central volume depletion from mechanoreceptors with nonmyelinated vagal afferent pathways in the inferoposterior wall of the left ventricle 96, 97 . Vagal activation with bradycardia is thus a protective reflex that 629 EPIDURAL ANAESTHESIA Anaesthesia and Intensive Care, Vol. 28, No. 6, December 2000 prevents the heart from contracting when relatively empty. Possible CNS hypoperfusion and an obtunded response to hypoxia from epidural block may intensify the bradycardic response to volume depletion 97 . Recent animal research demonstrated the cardiodepressor response to be modulated from a midline medullary region that triggers the sympathoinhibitory reflex to central hypovolaemia 98 .
PULMONARY EFFECTS
The lungs are innervated from the sympathetic system through T2 to T7 and from the parasympathetic system via vagal afferent and efferent pathways 3 . Epidural anaesthesia per se has little effect on respiration in patients without pre-existing lung disease. Since epidural anaesthesia induces segmental block of spinal nerves, an adequate extension of the block of motor nerves can selectively impair activity of respiratory muscles in the rib cage.
Thoracic Epidural Anaesthesia
The effect of TEA on the performance of the parasternal intercostal muscles was investigated by measuring electromyographic activity and length changes of the parasternal muscles in anaesthetized spontaneously breathing dogs 99 . TEA caused rib cage distortion by impaired contraction of the parasternal, and possibly other, respiratory muscles in the rib cage as well. Extrapolation to the clinical situation is difficult. However in healthy awake volunteers, TEA reduced ventilatory response to CO 2 during spontaneous respiration, principally because of decreased contribution of the rib cage to tidal breathing 100. These results probably reflect blockade of the efferent or afferent pathway (or both) of the intercostal nerve roots. High TEA (to T1) increased functional residual capacity by caudad motion of the diaphragm and by a decrease in thoracic blood volume 101 . Electrical activity of unblocked respiratory muscles such as the scalenes did not increase in response to rib cage muscle paralysis produced by TEA 102 . The respiratory effects of TEA are: modest decrease in vital capacity and forced expiratory volume in 1 second with high TEA from T1 to T6; reduction in total lung capacity and maximal mid-expiratory flow rate [102] [103] [104] [105] . These alterations in expiratory function are probably of minor clinical importance in healthy patients, however high TEA may impair the ability of patients with obstructive lung disease to cough effectively 106 .
Prevention of respiratory failure by blocking painrelated effects on ability to cough and breathe deeply usually outweighs any consideration of ventilatory impairment from the block itself, especially as diaphragmatic function improves.
Furthermore, TEA does not impair hypoxic drive, e.g., the ventilatory response to progressive isocapnic hypoxaemia, as has been shown in unpremedicated patients 107 . There is probably no reason to avoid TEA in patients who rely on hypoxic drive, such as those with chronic airways disease. In patients with bronchial hyperactivity, high TEA does not alter airway resistance, suggesting that reported cases of severe bronchospasm during epidural anaesthesia are unrelated to sympathetic blockade and may be caused by mechanisms other than pulmonary sympathetic denervation 108 . The diaphragm is the principal muscle of inspiration and is differentially innervated by the phrenic nerves (i.e., C3 to C5), allowing the costal and crural sections to contract independently. Diaphragmatic dysfunction is a major determinant of the impaired respiratory function observed after upper abdominal and thoracic surgery. Mankikian et al showed that TEA increased postoperative oesophageal and gastric pressure and motion indices of diaphragmatic function after upper abdominal surgery in humans, suggesting a partial reversal of the diaphragmatic dysfunction 109 . These results were, however, based on indirect measurements and may also reflect changes in abdominal muscle activity. Pansard et al obtained direct diaphragmatic electromyogram recording from intramuscular elec-trodes that had been inserted into the costal and crural parts of the muscle during elective abdominal aorta surgery 110 . Electrical diaphragmatic activity postoperatively was increased after epidural block, but this was not associated with improved diaphragmatic contractility. It seems unlikely that diaphragmatic activity increased during TEA as a compensation for reduction in parasternal muscle inspiratory activity produced by motor blockade, since rib cage motion did not change after TEA. In an awake sheep model 24 hours after thoracotomy, there was a significant decrease of both costal and crural diaphragmatic shortening; following thoracic epidural administration of lignocaine, tidal volume increased but there was markedly reduced rib cage expansion 111 . This finding may be due to a shift of the workload of breathing from the chest wall to the diaphragm, to explain the unexpected observation that rib cage function decreased in this animal model. By using the same study design in humans undergoing thoracic surgery, this group observed a marked impairment of active diaphragmatic shortening which was not 631 EPIDURAL ANAESTHESIA Anaesthesia and Intensive Care, Vol. 28, No. 6, December 2000 reversed by TEA, despite improvement of other indices of respiratory function 112 . This probably suggests that diaphragmatic contraction could not overcome the increased external forces placed upon it by other respiratory muscles. Differences in outcome of both investigations may be species-related.
Meta-analysis of current published data does suggest that intraoperative TEA, maintained in the postoperative period using local anaesthetics plus opioids, has clear benefit over parenteral analgesia treatment in decreasing postoperative pulmonary complications (Figure 3) 113 .
In summary, the effects of epidural anaesthesia on diaphragmatic function after upper abdominal and thoracic surgery are complex. The most likely explanation for the TEA-related increase in diaphragmatic activity seems to be the interruption of an inhibitory reflex of phrenic nerve motor drive, either related to direct deafferentation of visceral sensory pathways, or related to a diaphragmatic load reduction due to increased abdominal compliance.
Lumbar Epidural Anaesthesia
Lumbar epidural anaesthesia does not affect resting ventilation parameters such as minute ventilation and tidal volume 114, 115 . Ventilatory response to hypercapnia, a measure of the central chemoreceptor drive, following LEA is unaffected in young and elderly unpremedicated patients 115 . In addition, ventilatory response to progressive isocapnic hypoxaemia is not impaired 107 . It appears that local anaesthetic agents per se have no influence on ventilation, since plasma levels of local anaesthetic agents corresponding to those obtained after lumbar epidural anaesthesia did not affect resting ventilation or ventilation stimulated by hypercarbia 116 . There is, however, evidence that local anaesthetics exert a slight stimulatory effect during hypoxaemia.
CONCLUSION AND FUTURE DIRECTIONS
In the 33 years since the physiology of epidural anaesthesia was reviewed by Bromage, there have been substantial advances in knowledge that are pertinent to the safe and effective use of epidural anaesthesia. Many studies have added to knowledge of effects on circulation and respiration. Perhaps the most potentially important clinically have been studies of cardiac function following segmental thoracic epidural anaesthesia in patients with coronary artery disease. TEA improves cardiac performance and may even have beneficial effects on the myocardial oxygen delivery/demand ratio. The favourable effects of a restricted upper thoracic epidural block suggest a valuable role in patients during and after cardiac surgery and for the palliation of intractable, inoperable angina. Future directions should focus on development of well-designed studies with adequate number of patients that investigate the ability of epidural anaesthesia and analgesia to affect morbidity (especially cardiac) and mortality in patients after cardiac surgery.
The mechanism of sudden cardiac arrest in healthy patients who become mildly hypovolaemic during epidural block has still to be clarified. Does sudden vagal activation or loss of renin/vasopressin support play a role? There is evidence that responses triggered by hypoxia may be responsible.
Sympathetic blockade by TEA abolishes the increase in renin activity in response to arterial hypotension. This indicates in humans that the renal sympathetic system probably plays a key role in mediating renin release in response to hypotension. In addition TEA activates the vasopressin system in response to hypotension. Understanding the role of these endogenous vasopressor systems in maintaining blood pressure after epidural blockade in healthy subjects, may help to explain why certain high-risk patients become hypotensive during high TEA.
Epidural anaesthesia has been shown to improve diaphragm function after upper abdominal surgery. This has not yet been confirmed in humans after thoracic surgery. Current data do suggest that intraoperative TEA extended to the postoperative period reduces postoperative pulmonary complications.
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